The effects of phosphorus fertilizer and weed control on yield and major yield components of faba bean (Vicia faba L.) were studied on Nitisols of Ethiopian highlands. Factorial combinations of four levels of phosphorus fertilizer (0, 10, 20 and 30 kg P ha -1 ) as triple super phosphate (TSP) and two levels of weeding (W1 = no weeding and W2 = hand weeding once six weeks after crop emergence) were laid out in randomized complete block design with three replications. Results indicated that highly significant positive responses of number of pods per plant, total biomass and seed yields of faba bean to phosphorus fertilizer and weeding treatments were noted. Phosphorus level × weed control interaction over three years significantly (P ≤ 0.05) affected faba bean seed yield at Rob Gebeya but not at Welmera. Application phosphorus at the rates of 10, 20 and 30 kg P ha -1 resulted in mean seed yield increases compared to the control of 20, 41 and 53%, respectively on the average of locations; 13, 33 and 51%, respectively at Welmera, and 26, 48 and 55%, respectively at Rob Gebeya. Weeding once increased mean seed yields of faba bean by 25% on the average (35 and 17% at Welmera and Rob Gebeya, respectively) compared to unweeded check. Seed yield was positively correlated with total biomass and number of pods per plant (r = 0.95 *** and 0.75 *** , respectively) at Welmera, and (r = 0.94 *** and 0.55 ** , respectively) at Rob Gebeya. The results of economic analysis indicated that the highest marginal rate of return was obtained from weeding once six weeks after crop emergence and application of 20 kg P ha -1 , which is economically the most feasible alternative on Nitisols of central Ethiopian highlands.
Introduction
Faba bean (Vicia faba L.) is the most important grain legume in Ethiopia in terms of area, production, source of protein and as a rotation crop ameliorating soil fertility. Despite the importance of the crop in the traditional farming systems, the yield is generally low due to several factors, among which poor soil fertility and inadequate plant nutrition, poor seedbed preparation, untimely sowing, sub-optimal weed control, and the lack of improved varieties are the major ones (Berhe et al., 1990; Ghizaw and Molla, 1994) . Previous research results indicated that weed competition and soil fertility are major constraints of faba bean production (Ghizaw and Molla, 1994; Ghizaw et al., 2000) .
The application of NP fertilizer significantly increased seed yields of faba bean (Tsigie and Woldeab, 1994; Ghizaw et al., 1999) . Phosphorus is, in fact, the most important growth limiting nutrient factor for pulses including faba bean. Although blanket application of 18/20 kg NP ha -1 in the form of diammonium phosphate (DAP) has been recommended for faba bean production in the country, this was not substantiated by research results (Ghizaw et al., 1999) . Field trials using cv. CS20DK for high altitudes (> 2400 m) and cv. NC58 for mid altitude (1900 to 2300 m) showed that faba bean seed yield was significantly affected by P fertilizer applications (Ghizaw et al., 2000) . The location by fertilizer interaction indicated that the application of P significantly increased faba bean seed yield (Ghizaw et al., 2000) . In all cases a positive linear response of faba bean seed yield to P fertilization was obtained. It was also found that response of faba bean to P application was dependent on the residual P fertility level of the soil (Hebblethwaite et al., 1983; Agegnehu et al., 2003) . Absence of fertilizer response across locations is related to the residual fertility level of nutrients, while negative response could be related to activities of soil microorganisms, which need further researches (Hebblethwaite et al., 1983; Ghizaw et al., 2000) .
The productivity of food legumes is constrained by low soil pH and the consequent low P availability. Acid Nitisols are of wide occurrence in the highlands of Ethiopia where the rainfall intensity is high and the land has been under cultivation for many years. These soils, by and large, have pH values of less than 5.5, thereby resulting in low faba bean yields in comparison to other faba bean growing areas of the country. The low yields in such soils could mainly be due to either the deficiency of nutrients, such as P, Ca and Mg (Bekele and Höfner, 1993; Agegnehu and Sommer, 2000) , or to low pH and toxicity of Al, Fe and Mn (Sharma et al., 1990) .
Inadequate and untimely weed control operation is one of the crucial factors causing low yields of faba bean. Since labour for weeding the crops is usually competing with weeding of tef and wheat, many fields remain unweeded or hand weeding occurs after weeds have already reduced the yield potential of crops. Conditions favourable to the growth of weeds and poor weed control practices during critical weed-crop competition periods are major causes of the problem. Fessehaie (1994) reported that faba bean suffered significant yield loss of about 24% due to weed competition. The crop is highly sensitive to weed competition from the early establishment to early flowering stage and it requires weed control during this critical period. Moreover, usage of fertilizer is also considered as one factor to increase weed growth and its application need to be combined with timely and optimum hand weeding recommendations. Since the interaction effects of fertilizer and weed control on faba bean are not well studied, this experiment is needed to establish practical recommendations for the area. Therefore, the objectives of the study were to determine the effects of phosphorus and weed control, economic dose of P, and optimum combination of P and weed control for faba bean production on Nitisols of highlands of Ethiopia.
Materials and methods

Experimental site
The trial sites were located at Welmera and Rob Gebeya areas of west Shewa, highlands of Ethiopia, between 09 o 03'N latitude and 38 o 30'E longitude at an altitude of about 2400 m above sea level. The rainfall is bimodal with long-term average annual rainfall of 1100 mm, about 85% of which from June to September and the rest from January to May and average minimum and maximum air temperatures of 6.1 and 21.9 °C, respectively. The environment is seasonally humid and the major soil type of the trial sites is Eutric Nitisol (FAO classification). Soil physical and chemical properties were determined for samples taken during planting. These included soil texture, soil pH, organic carbon (OC), NH 4 -N, NO 3 -N, total N, available P, exchangeable cations (EC) and cation exchange capacity (CEC) of the experimental fields that are shown in Table 1 .
Experimental set-up
The experiment was conducted under rain-fed conditions to determine the effects of phosphate fertilizer and weed control practices and their interaction on faba bean for three consecutive years (2001-2003 main cropping seasons) . Experimental fields were ploughed two times before planting by using oxen drawn implements. The design employed was randomized complete block with three replications. The treatments included factorial combination of four levels of phosphorus fertilizer (0, 10, 20 and 30 kg P ha -1 ) and two levels of weeding (W1 = no weeding and W2 = hand weeding once six weeks after crop emergence). Phosphorus fertilizer was applied at planting as triple super-phosphate. Experimental plots received blanket application of 20 kg N ha -1 as a starter dressing at planting in the form of urea. Disease or insect control chemicals were not used during the growth of faba bean.
An improved faba bean cultivar (CS20DK) was planted on plots of 5 × 6m at the rate of 200 kg ha Agronomic parameters collected were plant stand count m -2 at complete emergence, plant height (average of ten plants), weed dry weight at weeding and harvesting of plants, number of pods per plant and seeds per pod (average of ten plants), total aboveground biomass and seed yields and thousand seed weight. To estimate total biomass and seed yields of faba bean a 12m 2 sample was harvested from each plot between the last week of October and mid November. Data on weeding (labour man-days), fertilizer and grain prices were collected. The harvested materials were sun-dried and manually threshed. After threshing, seeds were cleaned, weighed and adjusted at the 10% moisture level. Total biomass and seed yields recorded on plot basis were converted to kg ha -1 for statistical analysis.
Data analysis
The data were subjected to analysis of variance using the SAS statistical package version 8.2 (SAS Institute Inc., 2001). The total variability for each trait was quantified using pooled analysis of variance over years based on the following model.
Where T ijkl is total observation, µ = grand mean, Y i = effect of the i th year, R j (i) is effect of the j th replication, P k is effect of the k th phosphorus level, W l is effect of the l th weed control, YP, YW, PW and YPW are the interactions, and e ijkl is the variation due to random error. Results were presented as means, and 5% level of significance was used in order to establish the differences among the means. Orthogonal contrasts were performed to calculate the linear, quadratic and cubic coefficients. Coefficients of correlation were also performed using the standard procedures from SAS programs at P ≤ 0.05, P ≤ 0.01 and P ≤ 0.001.
Besides, to investigate the economic feasibility of the treatments, partial budget, dominance and marginal analyses were conducted. The average yield was adjusted downwards by 15% to reflect the difference between the experimental yield and the expected yield of farmers from the same treatment. This is because, experimental yields, even from on-farm experiments under representative conditions, are often higher than the yields that farmers could expect using the same treatments. The three years (2001) (2002) (2003) average price of faba bean was used to convert the adjusted yields into gross field benefits. The costs of fertilizer and weeding were also taken from the study areas.
Results and discussion
Crop growth and yield
Total aboveground biomass and seed yield of faba bean significantly (P ≤ 0.001) responded to P fertilizer application and weed control both at Welmera and Rob Gebeya (Table 2) . Thousandseed weight of faba bean was significantly (P ≤ 0.05) affected by P fertilizer application and weed control. Other agronomic attributes like plant height, number of pods per plant and seeds per pod were also significantly different among levels of P fertilization at both locations (Table 3) . Similarly, weed control significantly affected plant height, number of pods per plant and seeds per pod at Welmera. Total dry matter of broad-leaved and grass weeds at weeding and harvesting were also significantly (P ≤ 0.001) affected by P fertilizer application at both locations. However, weed control had only a significant (P ≤ 0.001) effect on the total weed bio- mass of both weed types at weeding at Welmera. In case of Rob Gebeya, total dry matter of grass weeds (GW) was significantly affected at harvesting only (Table 4) . The highest number of pods per plant, total biomass and seed yields of faba bean were recorded from the application of 30 kg P ha -1 (Tables 2 and 3 ). However, statistically significant (P ≤ 0.05) yield difference was not observed between the rate of 20 kg P ha -1 and 30 kg P ha -1 at Rob Gebeya. This is supported by the results of fertilizer trials at different locations of central highlands of Ethiopia (Tsigie and Woldeab, 1994; Ghizaw et al., 1999) . The ap- 
22.6 18.3 4.9 11.2 10.0 3.9 † Means in a column with the same letter are not significantly different (P < 0.05). *, **, *** Significant at P ≤ 0.05, P ≤ 0.01 and P ≤ 0.001, respectively; NS = Not significant. .0 † Means in a column with the same letter are not significantly different (P ≤ 0.05). *, **, *** Significant at P ≤ 0.05, P ≤ 0.01 and P ≤ 0.001, respectively; NS = Not significant. plication of 23/20 kg N/P ha -1 produced the best seed yield of faba bean (2.6 t ha -1 ) at Kokate area of southern highland (Tsigie and Woldeab, 1994) . It was also clear that response to P fertilizer was generally much greater by improved cultivars than it was by the local ones (Tsigie and Woldeab, 1994) .
The application of P fertilizer at the rates of 10, 20 and 30 kg P ha -1 resulted in a linear response with mean seed yield advantages of 20, 41 and 53%, respectively over locations, and 13, 33 and 51%, respectively at Welmera. However, at Rob Gebeya the same rates resulted in linear and quadratic responses with mean seed yield advantages of 26, 48 and 55%, respectively compared to the control ( Table 2 ). The results revealed that the seed yields of faba bean showed consistently an increasing trend with increased rate of P fertilizer. Similar experimental findings on Nitisols and Alfisols of different locations also indicated that seed yields of faba bean linearly increased as the rate of P fertilizer consistently increased (Tsigie and Woldeab, 1994; Ghizaw et al., 1999; Agegnehu et al., 2003) .
Analysis of variance over three years showed that there was a significant (P ≤ 0.05) P fertilizer level by weed control interaction (P _ W) for seed yield at Rob Gebeya but not at Welmera ( Table 2 ). The highest mean seed yields (2044 and 2319 kg ha -1 ) were obtained by the application of 30 kg P ha -1 , respectively at Welmera and Rob Gebeya followed by 1828 and 2201 kg ha -1 from 20 kg P ha -1 accompanied with one properly timed hand weeding ( Figure  1 ). The yield increments were higher by about 71 and 91%, respectively at Welmera and 83 and 73%, respectively at Rob Gebeya compared to the control treatment i.e., unfertilized and unweeded checks. A similar trend was noted across locations from the application of 30 and 20 kg P ha -1 and once weeding in which the highest mean seed yield was 2181 kg ha -1 followed by 2015 kg ha -1 , respectively, and respective yield advantages of 87 and 72% were obtained (Figure 1 ). Location by P levels and location by weed control interactions also significantly (P ≤ 0.05) affected seed yield. However, the interaction of location, P and weed control was not significant for yield. Seed yield was correlated significantly positively with plant height, total biomass, number of pods per plant and thousand seed weight (r = 0.76 *** , 0.95 *** 0.75 *** and 0.36 ** , respectively) at Welmera, and (r = 32 * , 0.94 *** , 0.55 ** and 0.54 ** , respectively) at Rob Gebeya. The results of soil analysis were found to be sub-optimal for the production of faba bean. As presented in Table 1 the soil pH, available P and exchangeable cations were found to be by far below the optimum range. The soil pH and P values (4.3 and 5.0 ppm), respectively measured at Welmera were lower than those at Rob Gebeya (5.1 and 10.1). This had a direct relationship with the response of yield to applied P, which was more at Rob Gebeya than at Welmera. In most cases soils whose pH is less than 5.5 are deficient in available P, Ca and/or Mg (Cooke, 1986; Marschner, 1995; Agegnehu and Sommer, 2000) . In such soils the proportion of P fertilizer that could immediately be available to a crop becomes inadequate and residues of the fertilizer may be released very slowly (Leon and Le Mare, 1990; Sikora et al., 1991) . Legume species differ widely in their ability to grow in soils of low P status. The study of Hocking et al. (1997) has explicated that white lupine and, to a lesser extent, pigeon pea can access soil P from a pool that is relatively inaccessible to other species. Mahler et al. (1988) also reported that in terms of nutrient availability pea, lentil, chickpea and faba bean grow best in soils with pH values between 5.7 and 7.2 and require between 12.9 and 34.4 kg P ha -1 for adequate yields which agrees with the findings of this study. When pulse crops are grown on soils whose pH values are less than 5.6 they give low yields (Mahler et al., 1988; Schubert et al., 1990) . The application of P fertilizer resulted in a linear response function (Figure 1) . The regression line showed that mean seed yield of faba bean was most strongly correlated with P rate. This shows that the yield of faba bean has increased steadily as the level of P increased. The optimum dose of P for attaining an economic yield of faba bean was found to be 20 kg ha -1 . Faba bean is a very sensitive crop to competition of both broad-leaf and grass weed species. The extent to which the yield is reduced by weeds depends not only on the weed species and density, but also on the period for which the crop is exposed to weeds. Several types of broad-leaf and grass weed species were identified in this experiment, among which Polygonum nepalense, Plantago laceolata, Guizotia scabra, Galium spurium, Rumex abyssinicus, Phalaris paradoxa, Avena fatua, Spergula arvensis and Corrigiola capensis were the major species competing faba bean. At Welmera, the highest weed biomass was recorded from broadleaf species at weeding, but at Rob Gebeya the highest was recorded from grass weed species at harvesting. The density of weeds significantly responded to P fertilizer rate in which the weight of weed biomass at Rob Gebeya increased consistently as the P rate increased. Results showed that due to high vegetative growth of weeds from unweeded plots and late emerged weeds after weeding, the total weed biomass of both broad-leaf and grass weed species was higher at harvesting than at weeding.
Hand weeding once at six weeks after crop emergence increased mean seed yields of faba bean by 25% over locations, and 35 and 17% at Welmera and Rob Gebeya, respectively compared to the unweeded control treatment (Table  2 ). Higher coefficients of variations (CV) were obtained for seed and biomass yields of faba bean at Welmera than Rob Gebeya which is an indication of higher variability in less fertile environment. The results of this study showed a greater yield response to weeding at Welmera than at Rob Gebeya. This differential yield response could mainly be attributed to differences in weed flora and density in the two locations under the influence of seedbed preparation, soil fertility, crop rotation and the management of preceding crop. Results of different investigations also indicated that weed control operation at the proper growth stages of plants significantly increased mean seed yield and major yield components of faba bean (Fessehaie, 1986; Berhe et al., 1990; Ghizaw et al., 2000) .
Full-season weed competition caused yield reduction up to 24% in faba bean in which the presence of weeds during the first 4, 7 and 10 weeks after sowing accounted for respective yield reduction of 13.1, 15.9 and 22.2% (Fessehaie, 1994) . Similarly, Kukula et al. (1985) and Knott and Halila (1988) have reported that substantial faba bean seed yield reduction was recorded due to weed competition. Seed yield was significantly correlated with dry matter of broad-leaf and grass weeds (r = 0.61 ** and 0.56 ** , respectively) at Rob Gebeya, but not correlated at Welmera at weeding, while at harvesting the same parameter was not correlated at Rob Gebeya, but negatively correlated (r = -0.48 * ) with broad-leaf weeds and not correlated with grass weeds at Welmera (Table 4 ). This shows that as the weed biomass decreased the seed yield of faba bean increased and positively correlated with weed biomass and vice versa.
Economic analysis
As farmers attempt to evaluate the economic benefits of shift in practice, partial budget analysis was done to identify the rewarding treatments. Yield from on-farm experimental plots was adjusted downward by 15% i.e., 10% for management difference and 5% for plot size difference, to reflect the difference between the experimental yield and the yield that farmers could expect from the same treatment. Three years average market grain price of faba bean (ETB 1.60 kg -1 ), farm-gate price of P fertilizer (ETB 3.4 kg -1 ) and labour valued at ETB 5.5 per person-day were used. Labour for faba bean weeding was 39 person-days per hectare.
According to the results of partial budget analysis, the highest net benefit was obtained from the application of 20 kg P ha -1 with weeding once six weeks after crop emergence (Table  6 ). The net benefit obtained by the control treatment (no weeding and no fertilizer applied) was ETB 1586.9 ha -1 . The net benefit increased proportionally for the increment in the total costs that vary up to the treatment with weeding once and application of 30 kg P ha -1 (P3/W1). According to dominance analysis, treatments with no fertilizer application and weeding once (P0/W1), and with 20 and 30 kg P ha -1 and no NS †PH = plant height, PPP = pods per plant, SPP = seeds per pod, BY = biomass yield, SY = seed yield, TSW = thousand seed weight, BLW1 & GW1 = dry weight of broad-leaf and grass weeds at weeding, respectively; BLW2 & GW2 = dry matter of broad-leaf and grass weeds at harvesting *, **, *** Significant at P ≤ 0.05, P ≤ 0.01 and P ≤ 0.001, respectively; NS = Not significant.
weeding (P2/W0 and P3/W0) were dominated by other treatments, hence eliminated from further economic analysis (Table 6) .
To identify treatments with maximum return to the farmers' investment, marginal analysis was performed on non-dominated treatments. For a treatment to be considered as a worthwhile option to farmers, the marginal rate of return (MRR) need to be at least between 50% and 100% (CIMMYT, 1988) . Researchers in other parts of the country suggested a MRR of 100% as realistic (Gorfu et al., 1991) . Thus, for this study to make farmer recommendations from marginal analysis, 100% return to the investment is reasonable minimum acceptable rate of return since farmers in the study area usually neither weed nor apply fertilizer for faba bean. Accordingly, a treatment with application of 20 kg P ha -1 and weeding once (P2/W1) are well above the minimum acceptable rate of return, 200.3% marginal rate of return (MRR). This implies that for ETB 1.0 investment in faba bean production, the producer can get ETB 1.0 and additional ETB 2.0 for treatment with 20 kg P ha -1 (P2/W1) and weeding once. Therefore, since no farmer will prefer less return than the best alternative return, application of 20 kg P ha -1 and weeding once (P2/W1) is recommended as best economically rewarding treatment (Table 7) .
Conclusion
Phosphorus fertilizer application and weed control significantly increased seed yields of faba bean. Although both factors had a positive effect on yields of faba bean at both locations, the influence of P fertilizer was more at Rob Gebeya than at Welmera. This is because the pH value and P content of the soil at Rob Gebeya were better than the values at Welmera. Hence, in order to produce satisfactory yield the soil acidity needs to be ameliorated using organic and inorganic sources of materials. Conversely, weed control had by far a more significant effect on yields of faba bean at Welmera than Rob Gebeya. Timely weeding could also enhance efficient utilization of applied fertilizer by plants. Therefore, considering the fertility status of the soil, 20 kg P ha -1 and weeding once six weeks after crop emergence can be recommended for faba bean production on Nitisols of similar areas of Ethiopian highlands. 
